The torque generated by a rotating joint comprises the useful force exerted by the joint on the external environment, and both the magnitude and distribution of torque through the step cycle during walking are important variables in understanding the mechanics of walking. The mechanics of the American lobster (Homarus americanus) and snow crab (Chionoecetes opilio) during walking were modelled to examine the relative roles of flexor versus extensor apodeme-muscle complexes, investigate which legs of these decapods likely contribute the greatest to locomotion, determine scaling effects of torque generation, and assess the relative roles of various model variables on torque production. Force generated along the length of the apodeme by the muscle was modelled based on apodeme surface area, muscle stress, and muscle fibre pinnation angle. Torque was then calculated from this estimated force and the corresponding moment arm. The flexor apodeme-muscle complex is calculated to generate consistently greater forces than the extensor, and generally this results in flexor torque being larger than extensor, though the snow crab does illustrate the opposite in two of its legs. This greater torque generation in flexion suggests that, in addition to the pushing of the trailing legs, the pulling action of the leading legs may play a significant role, at least during lateral walking. Leg 4 of both species appears to generate greater torques and thus provide the greatest forces for locomotion. Torque generation as a function of body size shows a second order response due to the increase in apodeme surface area. The pinnation angle of the muscle fibre is found to be insignificant in force generation, apodeme surface area (representing muscle cross sectional area) likely plays the most influential role in total force production, and moment arm controls the distribution of this force through the step cycle. Muscle stress remain a largely unknown quantity however, and may significantly affect both magnitude and distribution through step cycle of forces, and thus torque. Despite the uncertainty associated with the muscle stress parameter, the modelled results fit well with previously published force measurements.
INTRODUCTION
Muscles generate the forces that rotate a joint which allow animal movement (Lieber, 1997) . The contractile apparatus of the muscle fibre provides a linear force, and *Corresponding author. Tel.: (902) 867-5116. E-mail: edemont@stfx.ca this force is then translated to rotational force, or torque, via a fulcrum. This torque comprises the useful force generated by the joint (Goslow and van de Graf, 1982) and may be used by a walking animal to push off of, or pull along, the substrate in order to translate the body. Lobsters and crabs move easily either forward/backward or laterally (Clarac 1981 (Clarac , 1984 Evoy and Ayers, 1982; Chasserat and Clarac, 1983) . During forward walking by the lobster, the mero-carpopodite joint remains at a fixed angle (Macmillan, 1975; Evoy and Ayers, 1982; Mitchell and DeMont, 2003b) , while during lateral walking by crustaceans this joint undergoes large angles of excursion (Ayers and Davis, 1977; Sleinis and Silvey, 1980; Jamon and Clarac, 1997) . This movement of the limb about the joint generates different forces on the two sides of the laterally walking animal, with the trailing side pushing and the leading side decelerating the body (Blickhan and Full, 1987) or generating a pulling force (Sleinis and Silvey, 1980) . The fixed angle of the mero-carpopodite joint maintained by the lobster during forward walking may also be explainable in terms of torque, if it can be shown that the observed joint angle maximizes torque generation. Therefore, both the magnitude and distribution of torque throughout the step cycle are likely significant variables in understanding the mechanics of crustacean walking.
Lobsters and crabs have pinnated muscle architecture in their walking legs with the extension of the leg being powered by a single extensor muscle and the flexor by two muscles -a main and a very small accessory flexor (Macmillan and Dando, 1972; Macmillan, 1975; Ayers and Davis, 1977; Ayers and Clarac, 1978) . According to a model presented by Alexander (1969 Alexander ( , 1983 ) the force generated by a pinnate muscle system may be estimated from knowledge of the physiological cross-section of the muscle, the pinnation angle of the muscle fibres and the stress (force per unit area) exerted by the muscle. The physiological cross section of the muscle may be estimated from the surface area of the apodeme and the pinnation angle measured directly. Assigning a reasonable muscle stress value is more problematic, yet selection of this will significantly affect resulting force estimates. From the modelled force it is then straightforward to calculate torque as the product of this force and the moment arm (the perpendicular distance from the line-of-action to the fulcrum) of the apodeme. An understanding of the walking kinematics of the animal then allows calculation of forces and joint torques throughout the step cycle.
The muscle architecture, morphometrics, kinematics and allometry of the merocarpopodite joint have been described previously (Mitchell and DeMont, 2003a, b) . From this work it is possible to model the forces generated by the extensor and flexor muscles, and the torque produced as the joint moves through its excursion. By modelling the forces and torques generated during walking by the lobster and snow crab, it is possible to determine: (i) which component of the mero-carpopodite joint, the flexor apodeme-muscle complex or the extensor, generates the greater torque, and hence contributes most to locomotion, (ii) whether there exist anatomical specialization of structures within the various walking legs along the length of the animal's body which contribute to specialization of leg function, and (iii) if torque generation scales proportionately with size of the animal. In addition, the modelling procedure allows us to assess the relative contribution of the different model variables to force and torque generation, thereby determining which are most significant.
MATERIALS AND METHODS
Torque generation about the mero-carpopodite (M-C) joint of the American lobster (Homarus americanus, H. Milne Edwards) and snow crab (Chionoecetes opilio, O. Fabricius) was modelled during joint excursion from joint angles of $25 to 165
as (adapted from Alexander, 1969 Alexander, , 1983 :
where k is the estimated torque (N mm) and ma k is the moment arm (mm) at joint angle k, SA apod,i is the apodeme surface area (mm 2 ) for increment i (see below), i represents the pinnation angle of muscle fibres attaching to the apodeme at increment i, and is the muscle stress during contraction. The summed terms in Eq. (1) represent the total force applied along the line-of-action (i.e., the apodeme) by the muscle fibres and this represents the force acting at the point of attachment of the apodeme to the carpopodite (see Fig. 1 in Mitchell and DeMont, 2003a) .
The moment arm, apodeme surface area, and muscle fibre pinnation angle required for Eq. (1) were measured and reported previously (see Mitchell and DeMont, 2003a,b) . A muscle stress value of 10 kNm À2 was selected for use based upon values reported in the literature. Representative values of crustacean muscle stresses are presented in Table I , and it is apparent that different muscles within a single organism can have order-of-magnitude differences in stress values. This variability, combined with a lack of knowledge of the magnitude of the stress developed by a muscle during regular activity, i.e., non-maximal contraction, makes any selection of this value for the model somewhat arbitrary (see also Discussion).
The apodeme surface area, representing muscle cross sectional area, was estimated for various sized lobsters and snow crabs based on previously reported regression equations of apodeme area, as a function of carapace length (lobster) or width (crab). The apodeme was divided into eight increments (i), each representing 12.5% of the total apodeme length. Due to muscle fibres not covering the entire apodeme surface (e.g., Bennet-Clark, 1975) or part of the area being attached by non-contractile components such as fat, connective-tissue or mitochondria (Richmond, 1998) , the first increment of the apodeme was considered to have less muscle connection than the remainder. Calculated total apodeme area from the regression was multiplied by factors of 0.06 in this first increment and 0.125 for each of the remaining seven increments. This resulted in a distribution of apodeme area as half the available area in the first increment, and increments 2-8 treated as rectangles with full muscle coverage (see Fig. 1 ). This distribution amounts to the modelled apodeme (i.e., that with muscle attachment) as 93.5% of the total apodeme surface area. The calculated surface area was then multiplied by two to account for muscle attachment to both dorsal and ventral surfaces. The extensor and main flexor apodeme muscle complexes were used in these analyses; the accessory flexor is a small muscle and is not likely to contribute significantly, compared to the much larger main flexor. The accessory flexor was therefore, omitted. Muscle fibre pinnation angle varies along the length of the apodeme (Mitchell and DeMont, 2003a) and this was modelled by linear interpolation of the pinnation angle at each increment i along the apodeme. Moment arm estimates used in Eq. (1) are mean moment arms at 15 increments through the joint angle of excursion for each of a range of lobster and crab sizes (see Mitchell and DeMont, 2003b for details) . Due to the lack of rigorous statistical functions of moment arm as a function of size (i.e., r 2 of moment arm regressed on body size 0.29-0.51 for lobster, 0.35-0.85 for snow crab; see Mitchell and DeMont, 2003b) suggesting that there is not a strong relationship between moment arm and body size, the mean moment arm across the range of body sizes was used in place of a size dependant value. Multiplication of these mean moment arms by the calculated force along the line-of-action at each of the 15 increments through the joint excursion allow estimation of the distribution of torque during M-C joint flexion/extension in these animals. a Cancer antennarius, C. branneri, C. gracilis, C. magister, C. oregenensis, C. productus.
With the exception of , the variables of the model have been measured and these measurements involve inherent variance as well as measurement error. The propagation of these errors through successive calculations to provide final error estimates on calculated torques was done using the equation (modified from Bevington, 1969) :
where" " k is the error associated with the estimate of k for each k joint angle and Var ( ) is the variance associated with the variable in brackets. In order to assess the accuracy/validity of these modelling efforts, results for the lobster were compared with those in published studies. Due to crustacean size in the literature being largely reported as body mass (g), but the developed models using carapace size as the body size variable, a power regression was conducted on the animals used in this study to relate carapace size to body mass. This regression resulted in:
Lobster carapace length (mm) = 11:785 mass 0:3196 ðgÞ
To estimate the force of the dactyl on the environment (F 2 ) as part of the validation, the calculated joint torque ( ¼ F 1 Ã L 1 ) was used as:
where L 2 is the length from the M-C joint to the dactylopodite. L 2 was estimated as a function of carapace size using regression analysis. The force (F 2 ) exerted by the joint was then added to the downward force of the animals mass (estimated as 10% of the out-of-water mass; see Clarac and Chasserat, 1983; Martinez et al., 1998) divided by the number of legs supporting that mass (assumed to be seven, one leg stepping) to derive a total downward directed force of the body mass plus that generated by the leg muscles. These estimated forces could then be compared directly with the few published direct measurements.
RESULTS
Prior to examining torque production as a function of body size, forces and torques generated by the legs of representative sized lobster and snow crab are presented. The mean carapace length for the lobster (99 mm) and carapace width for the snow crab (85 mm) of all animals investigated (see Mitchell and DeMont, 2003a ,b for details on animals) are used to illustrate the following results. The estimated force generated for a given muscle stress, as summed along the length of the apodeme to the carpopodite junction, remains approximately constant throughout the movement of the M-C joint through its angle of excursion (Fig. 2) . The difference in force generation due to changing pinnation angle generally amounts to less than 5%. This implies that the change in pinnation angle, the only variable changing, is insignificant with respect to force generation in these crustaceans during joint movement. The estimated forces generated by the extensor apodeme-muscle complex of legs 2-5 of the lobster are very similar (i.e., 0.7-1.0 N at ¼ 10 kNm À2 ), with leg 4 generating the higher value forces and leg 5 the lower values. The flexor apodeme-muscle complex of these animals show legs 2 and 3 generating greater forces for a constant stress than leg 4, which in turn is greater than leg 5 (Fig. 2a) . Legs 2 and 3 appear to generate greater forces in flexion than extension, while the posterior two leg pairs generate either similar (leg 4) or lesser forces (leg 5). Within the legs of the snow crab the extensor apodeme-muscle complex of legs 2 and 3 generate similar estimated forces ($1.8 N) and these are greater than leg 4 ($1.4 N), which are considerably greater than leg 5 ($0.8 N). The flexor apodeme-muscle complex shows legs 2-4 generating similar forces, and these are all over double that generated by leg 5 (Fig. 2b) . The flexor apodeme-muscle complex in the crab is structurally able to consistently generate greater forces than the extensor apodeme-muscle complex, for a given muscle stress. The distribution of torque generated as the joint moves through its angle of excursion closely follows the moment arm (see Mitchell and DeMont, 2003b) and the modelled flexor apodeme-muscle complex generally produces greater torque than the extensor. However, in the lobster there is an increase in relative torque by the extensor apodeme-muscle complex compared with the flexor moving from legs 2 to 5 (Fig. 3) . This may be due to the distribution of the flexor torque through joint flexion remaining constant between the four legs, while the extensor shows some variability, increasing in magnitude at lower flexion angles in legs 4 and 5. The greatest magnitude of torque in the lobster are associated with leg 4 (flexor maximum $ 7 N mm, extensor maximum $ 4 N mm). In the snow crab the extensor apodeme-muscle complex appears to generate much greater torques relative to the flexor than in the lobster; indeed, legs 3 and 5 show the extensor developing greater torques than the flexor (Fig. 4) . Similar to the lobster, the flexor pattern of torque appears relatively constant, while it is the extensor apodeme-muscle complex which exhibits the variability, accounting for the changing relative importance. In this crustacean, the greatest magnitude of torque is associated with legs 2 and 4 (flexor maximum $ 12-14 N mm) and legs 4 and 5 (extensor maximum $ 8-10 N mm). Figure 5 illustrates calculated torque for leg 3 of a laterally walking crab with observed joint kinematics. The lower panel in this figure presents the stepping cycle of the crab (from Mitchell and DeMont, 2003b ) and the upper panel shows calculated torque generated for each of the extensor and flexor using the model here. As the muscle activation and behavior is unknown during relaxation, these areas are left as gaps in the figure. From this figure it may be seen that the flexor torque generally rises rapidly, then declines as the joint is flexed (i.e., as the joint angle goes from $140 to 80 ), while the extensor exhibits a more linear decline from a maximum at small joint flexion angles ($80 ) to a minimum at full extension ($140 ). Calculated maximum torque as a function of carapace size illustrates a power curve response with body size (Table II) . This maximum torque is the maximum value taken by the apodeme-muscle complex, at a constant muscle stress value, through the joint angle of excursion, and was calculated for each of the 5 mm increments in carapace size over the range of sizes of animals used in this study (see Mitchell and DeMont 2003a,b Torque (N*mm)
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FIGURE 4 Calculated torque generated by legs 2-5 of the snow crab (carapace width ¼ 85 mm). Error bars are propagated error (see Eq. (2)). and 2.42). This suggests that all legs for both species show scaling with negative allometry of maximum torque development with body size (isometric values given in Table II ). The isometric value is estimated by using the established relation that force increases proportionally with muscle cross sectional area (Gans, 1982; Richmond, 1998 , and others) and this variable (e.g., apodeme surface area) has been shown to be a function of carapace size in these two crustaceans (Mitchell and DeMont, 2003a) . The scaling exponent from that relationship is then increased by a value of 1.0, as this is the expected isometric scaling value for the moment arm (force
, where is the scaling exponent of apodeme surface area with carapace size and is 1.0) in order to estimate the isometric condition of torque. From this it appears that larger animals generate disproportionately lesser torque given the same muscle stress than smaller animals; though it is, of course, much greater in magnitude.
The calculated torques were decomposed into forces applied to the external environment (Eqs. (3) and (4)) in order to allow comparison with the limited published data. 
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TORQUE GENERATION MODELLING IN M-C JOINT OF LOBSTERS AND CRABS
These are presented in Fig. 6 and indicate a good fit between modelled results and other reported values. The fit between the crayfish of Kla¨rner and Barnes (1986) and the lobster of Clarac and Cruse (1982) is particularly encouraging for lending support to the modelled results.
DISCUSSION
The validation of the modelling results with published measured values, and Alexander's (1985) estimates of maximum force exerted on the environment, suggests that these results accurately estimate forces exerted on the substrate and, by extension, the torques generated about the M-C joint. This provides a level of confidence in basing conclusions on these results, despite significant uncertainties in the muscle stress parameter of the model (see below).
The force generated at the apodeme-carpopodite junction appears to be very stable through joint extension/flexion, and variable between legs when using a constant muscle stress. The change in pinnation angle that these muscles undergo during contraction appears to be insignificant in terms of force production; this is in keeping with previous findings (Gans, 1982; Richmond, 1988; Ledoux et al., 2001) . The analysis Carapace Length (mm)
Force (mN) Extensor (this study)
Flexor (this study)
Crayfish (Klarner & Barnes, 1986) Lobster (Clarac & Cruse, 1982) Lobster (Cruse et al., 1983) Max. forces (Alexander, 1985) FIGURE 6 Force on environment as a function of carapace size for leg 4 of the lobster. The line from Alexander (1985) is force/weight ¼ 0.5 Ã body mass À1/3 (g). Dashed extension of lines from this study are extrapolation outside range of measured values.
of pinnation angles reported here has functionally confirmed what was deduced based on structural information. The patterns of force production between apodemes and legs in both the lobster and snow crab -i.e., flexor apodeme-muscle complexes generally generating greater forces, inter-leg differences for the same apodeme-muscle complex -are consistent with patterns of apodeme surface area described by Mitchell and DeMont (2003a) , confirming that the apodeme surface area plays a highly influential role in force development. The influence of the remaining variable, muscle stress, on force production is much more difficult to assess.
A muscle stress value of 10 kN m À2 was selected for the model. It may be seen from Table I that this is, in fact, at the lower end of stress characteristics for crustacean muscle fibres. A low value was selected as it may be expected from energetic considerations that during normal walking an animal would not contract the muscle to maximal tension. The walking leg muscles of the lobster and other crustaceans are made up of muscle fibres with individual contraction characteristics (i.e., fast, slow, and intermediate fibres; Jahromi and Atwood, 1971; Atwood, 1973; Govind, 1995) . In addition to individual fibre characteristics, the relatively complex neuromuscular system of crustaceans -involving multi-terminal innervation of single fibres, electrical continuity between fibres, and neuron-neuron inhibition -governs the strength of the stimulation received by the fibre (Prosser and Brown, 1962; Atwood, 1972 Atwood, , 1973 Govind, 1995) . Atwood (1972) , Gans (1982) , and Gans and DeVree (1987) provide lists of factors affecting force production. The most relevant here are sarcomere length, mitochondrial content, physiological cross section, position of sarcomeres on the length-tension curve, the time course of force application, and the frequency at which the fibre is stimulated. Clearly, selecting a single stress value for such a complex and time-varying system greatly oversimplifies the true nature of the muscle. Values of used for modelling of crustacean muscle force during locomotion have ranged from 10 kN m À2 (Daniel and Meyerho¨fer, 1989 ) to 200 kN m À2 (Blickhan et al., 1993) reflecting this uncertainty. A further important simplification of the model is the omission of a time course of muscle contraction. The muscle stress is represented as a constant value without an initial build up of tension during the beginning of contraction nor relaxation at the end. Due to the previously mentioned complexity of muscle fibre stimulation, and a lack of documentation on the rate of recruitment of muscle in the contracting apodeme-muscle complex during regular walking cycles in crustaceans, the development of contractile tension through the step cycle is ignored here. It may be expected that the time required to build to contraction and relax from contraction (i.e., its length tension curve), would decrease the calculated torques at the extreme ends of the joint excursion, but the central region -where the muscle has likely reached maximum tension development for that stimulation magnitude/frequency -will be less influenced and may exhibit a relatively constant contraction through that period. The selection of an appropriate however, remains contentious as values over an order-of-magnitude may be justified, but will result in very different estimates of force for a given system.
The distribution of torques through M-C joint excursion follows the pattern of moment arm development described for these crustaceans (Mitchell and DeMont, 2003b) . Given that the other influential model variables were treated as constants, this is not surprising. The flexor apodeme-muscle complex generally generates greater torque than the extensor, though in the snow crab the extensors of legs 3 and 5 generate greater torques than the flexor apodeme-muscle complex. This, despite the force along the apodeme line-of-action being less for the extensor than for the flexor. This illustrates the importance of the moment arm as a structure that can compensate for decreased force and still provide equal or greater torque. The change in relative torque production by the extensor and flexor apodeme-muscle complexes in the lobster between legs 2 to 5 implies the first two legs are adapted to maximize flexion (i.e., pulling) forces, leg 4 equalizes extension (i.e., pushing) and flexion, and leg 5 produces greater extension torques than flexion. Leg 4 of the lobster generates the greatest magnitude of torque among the legs; this is consistent with the center of mass being located close to these legs (Macmillan, 1975; Nauen and Shadwick, 1999) and thus they provide much of the support of the animal in addition to locomotion. The forward walking lobster maintains its M-C joint at specific angles -leg 3 $ 58 , leg 4 $ 91 , and leg 5 $ 55 (Mitchell and DeMont, 2003b) . At these angles, the torque generated by the extensor apodeme-muscle complex of legs 3 and 5 exceeds that generated by the flexor; leg 4 shows the flexor producing greater torque than the extensor. This may be expected to increase the stability of the animal as the three legs over which the center of mass is placed form a tripod with legs 3 and 5 pushing out, and leg 4 pulling in.
The calculated torque plotted together with the step cycle in Fig. 5 further illustrates the importance of the moment arm, as this provides an initial high torque value either at the beginning of flexion or extension and a subsequent decline. The much more regular, linear decline in torque by the extensor versus the flexor is probably due to the less peaked or curved moment arm exhibited through joint flexion relative to the flexor (see Mitchell and DeMont, 2003b) . The overall image from this figure however, is that the flexor apodeme-muscle complex appears to generate greater forces, but flexion occurs over a shorter portion of the step cycle than the lower torque generating extension. This is consistent with suggestions that crabs use their leading legs to examine the substrate for traction and foot placement (Hui, 1992) .
The extensor apodeme-muscle complex of the snow crab shows greater torque than the flexor within legs 3 and 5. However, the absolute magnitude of these torques are less than legs 2 and 4. Leg 5 does not likely contribute to a large extent in lateral walking in this species as it is considerably smaller than the other three walking legs (see discussion, Mitchell and DeMont, 2003b ). It appears that legs 2 and 4 are the primary force producing legs, and they do so maximally in flexion. Therefore, as suggested earlier (Mitchell and DeMont, 2003b ) the snow crab may utilize the flexion action to a greater degree than extension in lateral walking. For each species, it appears that leg 4 generates the greatest torque suggesting that this leg may provide a large portion of the propulsive power during walking in these crustaceans. This finding is in keeping with that reported for other lobster and crayfish (Pond, 1975; Kla¨rner and Barnes, 1986; Jamon and Clarac, 1997) .
The approximately second order curves generated when maximum torque is treated as a function of carapace size illustrate a highly non-linear response of torque with animal size. This may be interpreted as due solely to the apodeme surface areas, as pinnation angle has been shown to be insignificant, the muscle stress is common for all sizes, and the same mean moment arms were used for each size. Therefore, only the apodeme surface area varies in this analysis. The good fit of the calculated line (Fig. 6) to the crayfish and lobster, suggests that the modelling is reasonable and thus variations in torque may be largely ascribed to apodeme surface area. However, it should be noted that the use of a mean moment arm, rather than a size-dependent function, may underestimate torques for small animals and overestimate for the large.
All of the variables of Eq. (1) may not be expected to be equally significant in force and torque production. Pinnation angle has already been shown to be of little influence on force generation. The role of the muscle cross section (apodeme surface area) is highly influential as may be noted from the functions of torque versus body size in Table II . At constant muscle stress, and using the same mean moment arm across sizes, torque shows a second order response with size. That is, it scales approximately with the dimension of apodeme area. Therefore, changes in apodeme surface area may be a very efficient way for the animal to increase force and torque production. Changes in muscle stress will alter the resulting output force in a linear manner and so the increase will not be as dramatic as by increasing apodeme surface area. Muscle stress may be viewed as a fine control to torque generation, while apodeme surface area provides coarse control. The latter sets mechanical and spatial limits to force production while the former is under the animal's control to allow fine-tuning and graded control of force and torque. The moment arm may also contribute significantly to the magnitude of torque generation and in this case it appears to largely control the distribution of torque through the step cycle. Lieber and Boakes (1988a) suggest that muscle force is more significant than moment arm in torque generation by the frog Rana pipiens, though they also maintain that both interact in the torque production (Lieber and Boakes, 1988b) . Lieber (1997) further suggests a matching of muscle fibre length and moment arm to maximize torque in the mouse. In the case of the crustaceans reported here, it appears that the moment arm is largely responsible for the torque, as the muscle force is unlikely to change appreciably over the course of the stepping cycle (assuming, of course that the muscle stress is not significantly time-varying).
This study, in concert with the two preceding reports (Mitchell and DeMont, 2003a,b) , has documented muscle architecture, morphometrics, kinematics and allometry of the mero-carpopodite joint of the walking legs of the American lobster and snow crab. By synthesizing all of this information, it has been possible to accurately model force generation and torque development in these walking crustaceans and to begin to ascribe relative importance to the various model variables. Future work is required largely in identifying/documenting whole muscle characteristics of these animals during walking to refine estimates of muscle stress and the time course of the development of the muscle contraction. These reports have provided a nearcomprehensive assessment of a single joint system for two crustaceans locomoting in different manners and the findings contribute to the existing bodies of information from a number of subject areas -muscle architecture, scaling, kinematics, and mechanics.
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